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and	 repeated	 introductions.	 The	 opposite	 pattern	 is	 reported	 in	 this	 study	 of	 the	











ern	NE	Pacific	 populations	 could	have	 seeded	most	 of	 the	European	populations.	
Finally,	 the	most	 recently	 introduced	populations	showed	the	 lowest	selfing	 rates,	
suggesting	higher	 levels	of	recombination	might	be	beneficial	at	the	early	stage	of	
the	introduction	process	(i.e.,	facilitating	evolutionary	novelties),	whereas	uniparen-
tal	reproduction	might	be	favored	 later	 in	sustainably	established	populations	 (i.e.,	
sustaining	local	adaptation).
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et	 al.,	 2015)	 as,	 consistently	 across	 taxa	 and	 environments,	many	
successfully	 introduced	 species	 are	 not	 genetically	 depauperate	
(Bock	et	al.,	2015;	Roman	&	Darling,	2007;	Viard,	David,	&	Darling,	
2016).	 This	 link	 is	 well	 illustrated	 in	marine	 species	 introduced	 in	
European	seas	(Rius,	Turon,	Bernardi,	Volckaert,	&	Viard,	2015):	74%	
of	the	studied	European	nonindigenous	species	(NIS)	display	similar	









secutive	 relay),	 repeated	 introductions,	and	overall	high	propagule	
pressure.	 The	 subsequent	 overall	 increase	 in	 the	 genetic	 variance	
of	introduced	populations,	as	compared	to	populations	of	the	native	
range,	might	 thus	 result	 in	an	 increased	standing	genetic	variation	
on	which	selection	might	operate	or	admixture	between	distinct	ge-
netic	lineages	creating	evolutionary	novelties.	Both	these	processes	
presumably	 enhance	 the	 introduction	 success	 in	 marine	 environ-
ments	(Rius	&	Darling,	2014;	Rius	et	al.,	2015;	Viard	et	al.,	2016).
In	 this	 study,	we	 examined	whether	 one	 of	 the	most	 success-
ful	 invasive	 seaweeds,	 Sargassum muticum	 (Yendo)	 Fensholt	 1955,	
also	 displays	 the	 typical	 high	 genetic	 diversity	 reported	 in	 other	
successfully	 introduced	 marine	 taxa.	 So	 far,	 most	 marine	 species	
studied	 are	 animals	 (e.g.,	 86%	 of	 the	 studies	 examined	 in	 Rius	 et	
al.	 (2015)),	 and	 yet	 hundreds	 of	 introduced	 seaweeds	 have	 been	
reported	 (346	 species	 reported	 as	 invasive;	 Thomsen,	Wernberg,	
South,	&	Schiel,	 2016).	Among	 them,	S. muticum	 is	 an	emblematic	
species	for	circumglobal	invasions	and	its	native	distribution	and	his-














The	 worldwide	 expansion	 of	 S. muticum	 has	 mostly	 been	 ex-
plained	 by	 accidental	 introductions	 through	 deliberate	 imports	 of	
oysters	on	which	 the	 species	 grows	 (Engelen	et	 al.,	 2015).	Oyster	
culture	has	been	recognized	as	one	of	the	major	vectors	of	introduc-
tions	worldwide	(Haupt,	Griffiths,	&	Robinson,	2012;	Wolff	&	Reise,	
2002),	 because	of	 repeated	 intra-	 and	 inter-continental	 transloca-
tions	of	several	oyster	species	outside	of	their	native	range.	These	
movements	are	illustrated	with	the	imports	of	Crassostrea virginica, 
from	 the	NW	 to	 the	NE	Atlantic	 in	 the	 1800s,	 and	 of	 the	 Pacific	
oyster	 Crassostrea (Magallana) gigas	 from	 Asia	 to	 North	 America	
and	 Europe	which	 started	 in	 the	 1940s.	 They	 can	 be	 responsible	
for	both	primary	introductions	(i.e.,	from	the	native	range	to	a	new	
area)	 and	 secondary	 introductions	 (i.e.,	 from	 an	 introduced	 range	
to	a	new	one,	as	exemplified	by	the	 introduction	of	the	gastropod	
Ocinebrellus inornatus	in	France,	(Martel,	Viard,	Bourguet,	&	Garcia-
Meunier,	2004)).	 For	 species	accidentally	 introduced	with	oysters,	
such	 as	 Crepidula fornicata	 (Riquet,	 Daguin-Thiébaut,	 Ballenghien,	
Bierne,	 &	 Viard,	 2013),	 Ocinebrellus inornatus	 (Pante	 et	 al.,	 2015;	
named	as	Ocenebra inornata	 in	this	paper),	or	Polysiphonia morrowii 
(Geoffroy	et	al.,	2016),	 important	genetic	diversity	has	been	docu-














and/or	 dormant	 stages,	 high	 fecundity,	 and	 uniparental	 reproduc-
tion.	These	traits	are	all	likely	to	decrease	the	effect	of	demographic	
stochasticity	in	the	early	stage	of	introduction	and/or	at	the	front	of	












al.,	 2015).	 Consequently,	 compared	with	 other	marine	 introduced	
species,	S. muticum	could	display	more	reduction	in	genetic	diversity	





S. muticum	 (Cheang	 et	 al.,	 2010;	 Engelen	 et	 al.,	 2015),	 our	 expec-





specifically	 the	 Puget	 Sound)	 and	 Europe	 (notably	 France)	 in	 the	
mid-20th	century,	as	 reported	 in	other	NIS,	and	 (c)	 increased	self-
ing	 rates	 in	 introduced	 as	 compared	with	 native	 populations,	 as	 a	
facilitating	 trait	 for	 the	 establishment	 of	 new	 populations	 in	 the	




























































4  |     LE CAM Et AL.
new	range.	To	ascertain	 these	hypotheses,	we	 first	developed	mi-
crosatellite	markers	 as	 none	were	 available	 for	 the	 study	 species.	
Microsatellites	are	easy	to	use	for	genotyping	vast	numbers	of	 in-






2  | MATERIAL AND METHODS
2.1 | Sampling












preserved	 in	silica	gel	 for	subsequent	genetic	analyses.	 Individuals	
from	 21	 sites	 were	 subsampled	 to	 perform	 ddRAD	 sequencing	
(see	below),	from	both	the	native	and	introduced	ranges:	five	sites	






2.2 | Microsatellite isolation and genotyping























concentrations	 varied	 from	33	 nM	 (for	 some	 dye-labeled	 forward	










2.3 | RAD‐seq library construction and SNP calling
Double-digest	 RAD-seq	 individual	 libraries	 were	 produced	 fol-
lowing	 Brelsford,	 Dufresnes,	 and	 Perrin	 (2016).	 Briefly,	 genomic	
DNA	extracts	(see	above)	were	quantified	using	Quantit	Picogreen	
dsDNA	Assay	Kits	 (Life	Technologies).	For	each	 individual,	100	ng	
of	 genomic	DNA	was	 digested	with	 PstI	 and	MseI	 restriction	 en-
zymes	 (New	 England	 Biolabs).	 Barcoded	 adaptors	 were	 ligated	 to	
the	digested	DNA	fragments	and	purified	using	AMPure	XP	Beads	
(Beckman	 Coulter).	 Two	 microliters	 of	 the	 purified	 template	 was	
used	 for	 enrichment	 and	 Illumina	 indexing	 by	 PCR	 using	 Q5	 hot	
start	DNA	polymerase	 (New	England	Biolabs),	with	12	 cycles	 and	
four	replicates	per	samples.	The	303	samples	from	21	sampling	sites	








sequencing	 replicates)	were	 added	 to	each	 library,	 so	 in	 total	 339	
individually	 tagged	 DNAs	 were	 sequenced.	 To	 increase	 genotyp-





the	process_radtags	module	 of	 Stacks	 v1.32	 (Catchen,	Hohenlohe,	
Bassham,	Amores,	&	Cresko,	 2013).	We	 used	 the	 Stacks	 denovo_
map.pl	pipeline	for	locus	assembly	and	SNP	calling.	Replicates	were	
first	analyzed	 independently	 to	determine	 the	optimal	denovo	pa-
rameters.	As	 recommended	 in	Paris,	Stevens,	and	Catchen	 (2017),	
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multiple	 stack	 parameter	was	 tested	 to	 determine	 the	 optimal	 de	
novo	parameters.	A	 set	of	 five	 replicates	were	analyzed	using	 the	
methodology	of	Mastretta-Yanes	et	 al.	 (2015)	 to	minimize	 the	ge-
notyping	 errors.	 A	 de	 novo	 analysis	 was	 then	 performed	 on	 303	










alleles	 in	denovo	analyses	of	RAD-seq	data,	 leading	 to	 an	uneven	
coverage	among	alleles	 in	a	given	locus.	The	mean	allelic	coverage	
ratio	was	 calculated	 for	 all	 heterozygote	RAD-seq	 loci	 and	 tested	
against	the	expected	coverage	ratio	using	Student's	t	test.	The	dis-
tribution	of	p-values	was	used	to	set	a	threshold	for	excluding	RAD-
seq	 loci	with	 imbalanced	allelic	coverage.	Finally,	 loci	with	a	minor	
allele	frequency	(MAF)	lower	than	0.01	and	observed	heterozygos-
ity	higher	than	0.5	were	filtered	out.	The	final	dataset	was	made	of	






Pier	39	 (no.	13)	 locality	was	 retained	and	used	 in	 individual-based	
analyses	 (i.e.,	 MLG	 inferences,	 Bayesian	 clustering	 and	 Principal	
Component	Analyses,	see	below).
2.4 | Genetic diversity and selfing rate estimation
Estimates	 of	 gene	 diversity,	 observed	 heterozygosity,	 and	 mean	
number	of	 alleles	 per	 locus	were	 calculated	using	GeneClass	 v2.0	
(Piry	et	al.,	2004).	Weir	and	Cockerham	(1984)	f and theta	estimates	
of	Fis and Fst	indices	were	estimated	with	Genepop	v4.2.2	(Rousset,	


























2.5 | Spatial genetic structure analyses
Genetic	 structure	 was	 estimated	 with	 two	 approaches:	 a	 non-
model-based	approach	using	a	principal	component	analysis	(PCA),	
a	 multivariate	 method	 implemented	 in	 the	 package	 adegenet	
1.4–2	 (Jombart	&	Ahmed,	 2011)	 and	 a	model-based	 clustering	 al-
gorithm	 implemented	 in	 the	 InStruct	 software	 (Gao,	 Williamson,	
&	Bustamante,	2007)	to	test	 individual	admixture	proportions	and	
the	 correspondence	 of	 genetic	 clusters	with	 the	 sampled	 popula-
tions.	InStruct	is	extending	the	model	implemented	in	STRUCTURE	
(Pritchard,	Stephens,	&	Donnelly,	2000)	by	releasing	the	assumption	


























MLG	was	detected	 in	only	one	population	 in	 the	native	range	 (no.	
6	(Anan)	in	Figure	1,	Table	S3)	in	a	large	proportion	(42%).	The	lack	
of	polymorphism	at	the	microsatellite	loci	in	the	NE	Pacific	and	NE	
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Atlantic	invasive	ranges	prevented	further	analyses,	in	particular	of	
selfing	rates	and	genetic	structure	among	introduced	populations.
3.2 | Genome‐wide diversity in native versus 
introduced ranges
Stringent	 filtering	steps	were	applied	 to	avoid	 false	polymorphism	




than	 in	 the	 introduced	 ranges,	with	8,580	and	1,988	polymorphic	
loci,	respectively	(Table	1,	Figure	S1).	Most	of	the	private	polymor-
phic	 loci	were	 found	 in	 the	native	 range	 (6,821	 loci	out	of	8,580),	
but	some	private	loci	were	also	found	to	be	polymorphic	only	in	the	
introduced	ranges	(99	in	NE	Pacific	and	58	in	NE	Atlantic,	Table	1,	
Figure	S1).	 The	 two	 introduction	 ranges	 also	displayed	 contrasted	
patterns:	 nearly	 twice	 as	many	polymorphic	 loci	were	detected	 in	
the	NE	Pacific	 compared	 to	NE	Atlantic,	with	1,733	 and	994	 loci,	
respectively.	In	addition,	most	of	the	polymorphic	loci	found	in	the	


















number	 of	multi-locus	 genotypes	 (MLGs)	was	 congruent	with	 the	
level	of	genetic	diversity,	and	variable	among	the	different	areas,	in	
particular	across	introduction	ranges	(Figure	2a).	Using	poppr,	MLGs	





Thau	and	Porto	only	 (NE	Atlantic—Group	2).	More	 in-depth	 inves-






















































































































































































































































































































































































































































































































































































































































































































































































populations	 located	 in	the	northern	part	of	the	NE	Pacific	 (no.	10,	
12)	and	in	the	NE	Atlantic	(19,	43,	51	and	54)	exhibited	selfing	rate	
>0.5,	 yet	 for	 the	populations	no.	12	and	43,	 the	confidence	 inter-
val	is	including	zero.	All	the	other	populations	presented	low	selfing	
rates,	 with	 values	 not	 significantly	 different	 from	 zero	 (Table	 S5).	













Nind = 135; NMLG = 14 North-NEP 
Nind = 30; NMLG = 20
NEA group 2
Nind = 31; NMLG = 23
San Francisco 
(no.13)
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3.3 | Genetic structure revealed by RAD‐seq loci
A	principal	component	analysis	carried	out	on	a	set	of	256	individu-
als	with	<50%	of	missing	data	each	(leading	to	10%	of	missing	data	




6,	N	=	6),	Arida	 (no.	5,	N	=	4))	 from	the	native	populations	and	 (b)	
the	Kashikojima	population	(no.	3)	from	the	rest	of	the	native	popu-
lations	 (Figure	 3a).	 The	 third	 principal	 component	 (8.5%)	 revealed	
differentiation	within	the	introduced	range	with	two	clearly	distin-
guished	groups	(Figure	3b).	Interestingly,	each	group	was	composed	









Clustering	 analyses	 using	 InStruct	 provided	 congruent	 results.	
The	 lowest	 deviance	 information	 criterion	 (DIC)	 over	 the	 whole	
dataset	was	obtained	for	K	=	5.	The	five	clusters	defined	four	dif-






of	 San	Francisco	Pier	 39	 (no.	 13)	 displayed	 a	membership	 pattern	


















ing	 (Cheang	 et	 al.,	 2010)	 attempted	 to	 elucidate	 the	 introduction	
history	at	the	global	scale	of	the	brown	alga	Sargassum muticum. The 






native	 (North	East	Asia)	and	 introduced	ranges	 (North	East	Pacific	
and	 the	 North	 East	 Atlantic),	 unexpectedly,	 no	 genetic	 diversity	
was	detected	over	the	two	introduced	ranges	using	14	microsatel-
lite	 markers.	 RAD-seq	 loci,	 however,	 revealed	 1,988	 polymorphic	
loci	across	the	two	introduction	ranges,	compared	with	8,580	in	the	
studied	part	of	the	native	range.	These	results	and	their	implication	
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on	our	understanding	of	the	introduction	processes	and	success	of	
the	 study	 species	 are	 discussed	 in	 turn	 below,	 notably	 regarding	
what	has	been	documented	in	other	marine	introduced	species.
4.1 | A poorly diverse but successful 
introduced species









the	 absence	 of	 genetic	 diversity	 across	 14	 microsatellite	 mark-
ers	 over	more	 than	1,000	 samples	 from	both	 introduction	 ranges	
(Figure	 1).	 This	 lack	 of	 diversity	 contrasts	 sharply	with	 other	 sea-
weed	 cases:	 for	 instance,	 a	 recent	 study	 by	Guzinski	 et	 al.	 (2018)	
showed	that	a	dozen	microsatellites	provided	roughly	similar	results	
as	several	thousand	SNPs	obtained	from	ddRAD	sequencing	to	ana-
lyze	 the	 connectivity	 and	 adaptation	 processes	 in	 the	 introduced	
seaweed	U. pinnatifida,	 at	a	 regional	scale.	So	 far,	 introduced	pop-
ulations	of	 sexually	 reproducing	marine	 invaders	have	never	been	
shown	to	be	monomorphic	at	microsatellites	or	similar	type	of	highly	
variable	 markers.	 Monomorphism	 has	 been	 reported	 with	 either	
low-resolution	markers,	 including	S. muticum	with	sequencing	data	
from	mitochondrial	markers	 (Cheang	 et	 al.,	 2010),	 or	 in	 clonal	 or-
ganisms	(e.g.,	the	androgenetic	Corbicula	clams	(Pigneur	et	al.,	2014);	
see	other	 examples	 and	 references	 in	Roman	and	Darling	 (2007)).	
The	partially	clonal	green	algae	Caulerpa taxifolia	is	also	well	known	
for	its	monomorphism	in	the	introduced	Mediterranean	populations	
following	clonal	 spread	 from	aquarium	release,	but	 it	also	exhibits	









terns	 observed	with	 the	microsatellite	 loci,	 validating	 the	 de	 novo	
parameters	 used	 in	 the	 analysis.	 For	 instance,	 population	 pairwise	
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Such	low	polymorphisms	are	in	strong	contrast	to	RAD-seq	data	



















able	 genetic	 diversity	 pattern	when	 compared	 to	 the	 other	marine	
invaders	documented	(Rius	et	al.,	2015;	Viard	et	al.,	2016).	The	vast	









populations.	For	example,	 this	 is	 the	 case	of	 the	gastropod	Rapana 
Venosa:	 Chandler,	 McDowell,	 and	 Graves	 (2008)	 showed	 a	 lack	 of	
genetic	diversity	at	 two	combined	mitochondrial	gene	 regions	 (COI	
and	ND2),	with	a	single	haplotype	in	the	introduced	ranges,	compared	
with	110	in	the	native	range.	This	strong	genetic	bottleneck	was	later	











4.2 | Revisiting the introduction history and 
pathways of Sargassum muticum
Using	 ddRAD	 sequencing	 data,	 three	 distinct	 genetic	 entities	
were	detected	across	 all	 introduced	 ranges,	 but	 there	was	 limited	
geographic	 coherence	 in	 genetic	patterns	observed	using	 InStruct	
(Figure	4),	PCA	 (Figure	3),	 and	 the	minimum	spanning	network	on	
multi-locus	 genotypes	 (Figure	 2).	Northern	 populations	 of	 the	NE	
Pacific	and	most	of	the	individuals	found	in	two	NE	Atlantic	popu-
lations	 (Thau	 (no.	51)	and	Porto	 (no.	54))	each	displayed	a	distinct	
genetic	 background,	 presumably	 pointing	 at	 two	 distinct	 genetic	






of	 first	 report	of	S. muticum	 along	 the	North	American	coasts	 (re-
viewed	in	Engelen	et	al.	(2015)),	the	eldest	and	first	observation	of	
the	alga	outside	of	its	native	range	was	in	the	Puget	Sound,	in	British	




along	 the	Californian	 coastline	down	 to	Mexico.	Altogether,	 these	
reports	 suggested	a	 stepwise	 southward	expansion	of	 the	 species	
from	 the	 Puget	 Sound	 to	 California.	 The	 late	 arrival	 in	 California	
could	be	explained	by	the	existence	of	the	biogeographic	boundary,	
near	 Point	 Conception,	 separating	 the	 Californian	 and	 Oregonian	
biogeographic	provinces	 (Burton,	1998).	This	area	 is	 characterized	
by	upwelling	and	variable	surface	currents	as	well	as	heterogeneous	
coastline	topography,	including	a	long	stretch	of	sandy	coasts,	which	
constitute	 potential	 environmental	 barriers	 to	 natural	 dispersal	
(Dawson,	2001;	Hohenlohe,	2004),	in	particular	for	S. muticum col-






It	 is	 noteworthy	 that	 under	 this	 “two-introduction”	 scenario,	 the	
biogeographic	boundary	could	have	also	played	a	major	role	in	pre-
venting	 exchanges	 between	 populations	 originating	 from	 the	 two	
distinct	northern	and	southern	introduction	events.
One	 explanation	 for	 the	 discrepancy	 between	 the	 presumed	
introduction	pathway	 (i.e.,	 southward	expansion	 from	 the	primary	
introduction	 in	the	Puget	Sound	ending	 in	California	 in	the	1960s)	




ter	 imports	 from	 Japan	 in	 several	Californian	Bays	 as	 soon	 as	 the	
1930s	and	with	successful	planting	of	Pacific	oyster	 seed	oysters.	
S. muticum	 could,	 therefore,	 have	 been	 introduced	 accidentally	 in	
the	southern	NE	Pacific	during	these	deliberate	oyster	imports	well	
before	 its	date	of	 first	 report	 in	this	area.	One	should	be	cautious	
on	 considering	 the	date	of	 first	 observation	 to	 infer	 the	 introduc-
tion	 history	 of	 NIS,	 especially	 in	 the	 marine	 environment	 where	
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field	 surveys	 are	 sometimes	hard	 to	 carry	out	or	with	 insufficient	
observation	 pressure.	 In	 addition,	 they	 could	 largely	 be	 biased	 by	
the	 recording	 interest	 that	 can	be	 triggered	by	 the	discovery	of	 a	
new	NIS	in	a	specific	area.	Invasion	histories	are	typically	challenging	
to	 reconstruct	with	 confidence,	 certainly	when	historical	 informa-





Beatty,	 &	 Maggs,	 2008).	 These	 putative	 biases	 should	 be	 taken	
into	 account	 in	 standardized	monitoring	 and	 surveillance	 protocol	
of	 (new)	NIS,	which	 should	attempt	 to	 include	as	many	 species	as	
possible,	and	not	only	focus	on	high-priority	species.	To	reach	this	





(Cheang	et	 al.,	 2010)	 suggested	 that	 the	 introduction	 in	Europe	 is	
a	 secondary	 introduction	 from	 North	 America,	 presumably	 with	
imports	of	oysters	from	the	northern	part	of	the	NE	Pacific	 in	the	
1970s,	 rather	 than	 a	 distinct	 introduction	 from	 the	 native	 range.	
This	hypothesis	was	reinforced	by	the	existence	of	similar	scenarios	
for	other	marine	introductions	linked	to	oyster	translocations	(e.g.,	
the	 gastropod	 Ocinebrellus inornatus;	 Martel	 et	 al.,	 2004).	 Under	
this	 scenario,	however,	 the	epicenter	of	 secondary	 seeding	of	NIS	
in	Europe	should	be	localized	in	the	Puget	Sound	in	North	America.	
Conversely,	populations	 in	Europe	were	found	to	share	a	common	
genetic	 background	 with	 the	 southern	 NE	 Pacific	 populations.	
Moreover,	 this	 similarity	 is	even	more	pronounced	 for	 the	African	
population	(Sidi	Bouzid,	no.	54)	which	is	more	similar	to	Californian	
populations	 than	 to	 any	 other	 NE	 Atlantic	 populations	 based	 on	
MLGs	 (Figure	 2),	which	may	 suggest	 an	 independent	 introduction	
event	from	California.	Given	the	high	genetic	structure	among	pop-
ulations	and	the	occurrence	of	numerous	multi-locus	genotypes	 in	





our	data	 support	 a	 scenario	of	 a	 secondary	 introduction	 from	 the	
NE	Pacific	 to	NE	Atlantic	but	 from	a	distinct	 source	as	previously	
assumed	(the	South	NE	Pacific	instead	of	North	NE	Pacific).



























4.3 | Potential admixture between 
lineages originating from distinct introduction events
Besides	the	presence	of	two	distinct	introduction	events	character-
ized	by	different	genetic	background,	our	genome-wide	survey	also	
suggests	 that	 admixture	between	different	 genetic	 lineages	might	
















contact,	 by	 transporting	 individuals	 across	 natural	 barriers,	 and	
thus	promote	admixture	between	distinct	genetic	origins.	A	similar	
situation	 of	 admixture	 between	 two	 introduced	 genetic	 lineages,	
following	transport	by	anthropogenic	activities,	has	been	reported	
in	one	introduced	population	of	the	green	crab	Carcinus maenas in 
Newfoundland	 (Jeffery,	 DiBacco,	Wringe,	 et	 al.	 (2017)	 and	 refer-
ences	therein).
In	the	NE	Atlantic	introduction	range,	InStruct	analyses	also	re-
vealed	 individuals	with	 intermediate	memberships	 to	 two	 distinct	
genetic	clusters	 (pictured	 in	 red	and	blue	 in	Figure	4)	 in	Thau	 (no.	
51),	 and	 particularly	 in	 Porto	 (no.	 54),	 again	 suggesting	 admixture	
between	distinct	lineages.	Interestingly,	in	Porto,	several	individuals	
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also	 displayed	 the	 typical	 genetic	 background	 found	 in	 the	 other	
populations	distributed	along	the	NE	Atlantic	coast.	We	might	hy-
pothesize	that	a	distinct	lineage	had	been	introduced	and	success-
fully	established	 in	 the	Mediterranean	Sea	 (here	 illustrated	by	 the	
Thau	 population	 (no.	 51)	 in	 Figure	 4),	 for	 instance	 favored	 by	 the	
local	environmental	conditions	(e.g.,	warmer	seawater).	The	subse-
quent	introduction	of	this	lineage	in	Porto	might	have	led	to	admix-




et	 al.,	2017).	A	 similar	 situation	might	occur	along	 the	Portuguese	
coasts.	Admixture	between	distinct	evolutionary	 lineages	that	had	
been	 independently	 introduced	 over	 time	 is	 a	 process	 that	might	




along	 the	Portuguese	 coast	 could	 shed	 light	on	 the	extent	of	 this	
hypothetical	admixture	scenario	 in	the	NE	Atlantic	and	of	the	role	
of	the	environment.
4.4 | Could selfing rate variation be a key factor to 
succeed from one introduction phase to the next?
Despite	severe	founder	events,	and	associated	loss	of	genetic	diver-
sity,	S. muticum	successfully	colonized	two	oceans	and	11	countries	
in	<70	years	and	continues	 to	spread	 (e.g.,	 first	 report	 in	Morocco	
in	2012).	As	compared	to	other	sexually	reproducing	marine	invad-






ticum	 displays	 reproductive	properties	 that	may	 limit	demographic	















any	 gene	 diversity	 and	 (b)	 a	 mating	 system	 shift	 with	 decreased	




but	our	genetic	data	cast	doubt	on	 this	 scenario.	The	highest	 self-
ing	rates	were	observed	in	northern	NE	Pacific	populations	reported	
there	from	the	early	1940s,	thus	established	for	more	than	70	years.
These	 observations	 suggest	 a	 shift	 in	 selfing	 rates,	 increasing	
over	time	since	the	introduction.	Early	populations	could	have	con-
sisted	 of	 a	 limited	 number	 of	 lineages,	 either	 preadapted	 to	 local	
conditions	and	plastic	enough	to	acclimate	to	the	new	conditions	or	
newly	evolved	from	outcrossing	events	occurring	between	distinct	
recently	 introduced	genetic	 lineages.	 Low	selfing	 rates	 in	 the	 first	
stage	of	the	introduction	may	indeed	provide	opportunities	for	the	




half	 of	 the	 total	MLGs	 found	 in	 this	 area.	 Then,	 evolution	 toward	
increased	 selfing	 rates	 might	 contribute	 not	 only	 to	 enhance	 re-
productive	 assurance	 at	 the	 front	of	 the	expansion	 (i.e.,	 similar	 to	
range	margins)	but	also	to	accelerate	the	fixation	of	an	advantageous	
genotype	during	the	establishment	stage,	thus	sustaining	 local	ad-
aptation	 and	 expansion	 to	 similar	 habitats	 (Jarne	&	Charlesworth,	
1993;	 Pannell	 et	 al.,	 2015).	 Mature	 specimens,	 sometimes	 carry-
ing	 fertilized	eggs,	can	spread	over	 large	distance	through	drifting	
thalli	 (Fletcher	&	Fletcher,	 1975).	 If	 drifting	 thalli	 are	 sexually	ma-



















its	 future	 spread,	 surveillance	 programs	 should	 thus	 pay	 particu-
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5  | CONCLUSIONS
The	 spread	 of	 S. muticum	 in	 its	 introduction	 range	 has	 been	 very	
well	documented,	and	hundreds	of	studies	have	been	dedicated	to	




turned	out	 to	be	 a	 unique	example	of	 a	 successful	 nonclonal	 (i.e.,	
sexually	 reproducing)	 marine	 introduced	 species	 which	 exhibits	
almost	no	genome-wide	genetic	variation	over	most	of	 its	circum-
global	 introduction	 range.	Our	 study	 also	 demonstrates	 that	RAD	
sequencing	 is	 a	powerful	 tool	 to	detect	genetic	 variation	 for	non-
model	species,	 in	 the	case	of	extremely	 reduced	genetic	diversity,	
following	severe	founder	events.	Our	result	does	not	mean	that	ge-
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